Introduction: Little is known of the clinical outcomes of secondary oxalate nephropathy. To inform clinical practice, we performed a systematic review of case reports and case series to examine the clinical characteristics and outcomes of patients with secondary oxalate nephropathy.
P rimary hyperoxaluria is a rare inborn error of glyoxylate metabolism characterized by the overproduction of oxalate, which deposits as calcium oxalate in various organs as kidney function declines. 1, 2 The kidney is the main target for oxalate deposition, which leads to oxalate nephropathy and kidney failure. [3] [4] [5] [6] [7] [8] [9] [10] Secondary hyperoxaluria is more common and is usually the result of increased dietary oxalate intake, increased intestinal oxalate availability, decreased intestinal oxalate degradation, or increased colonic permeability to oxalate. The diagnosis of secondary forms of oxalate nephropathy is often challenging due to physician unfamiliarity with the disorder and lack of proven kidney biopsy findings. Most of the evidence is derived from individual case reports and case series.
The clinical manifestations, natural history, and prognosis of secondary forms of oxalate nephropathy have not been systematically examined. To address this knowledge gap, inform clinical practice, and provide future research directions, we performed a systematic review of patients who presented with secondary forms of oxalate nephropathy, with a focus on elucidating enabling factors, clinical presentation, kidney biopsy findings, and both kidney and patient outcomes.
METHODS

Data Sources and Searches
The systematic review was conducted in accordance with the CAse REport (CARE) guidelines and Preferred Reporting Items for a Systematic Review and Meta-analysis of Individual Participant Data (The PRISMA-IPD Statement). 11, 12 The following electronic databases were searched for relevant citations: PubMed, Scopus, Ovid, EMBASE, and the Cochrane Central Register of Controlled Trials (CENTRAL) (inception from 1950 to January 2018). Eligible reports were identified using the following Medical Subject Headings search terms: "oxalate" OR "oxalic acid" OR "calcium oxalate" OR "oxaloacetate" OR "oxaloacetic acid" OR "oxaluria" OR "hyperoxaluria" AND "renal insufficiency" OR "renal replacement therapy" OR "kidney disease" OR "kidney failure" OR "CKD or CKF or CRD or CRF or ESKD or ESRD or ESKF or ESRF" OR "predialysis or dialysis" OR "hemodialysis" OR "dialysis" OR "CAPD or CCPD or APD" OR "kidney transplant" OR "renal transplant" OR "kidney graft"OR "renal graft" OR "acute renal failure" OR "acute kidney failure" OR "acute renal insufficiency" OR "acute kidney insufficiency" OR "acute tubular necrosis" OR "acute kidney injury" OR "acute renal injury" OR "nephropathy."
Bibliographies of retrieved articles were inspected, and abstracts from the annual scientific meetings of the American Society of Nephrology (up to 2017) were searched. The search strategy was limited to human studies with no restrictions on language, sample size, duration of study, or year of publication.
Study Selection
Due to the absence of retrospective and prospective cohort studies, we focused primarily on case reports and case series (as defined by a report of $2 patients) that provided clinical description of patients presenting with kidney disease and biopsy-proven oxalate nephropathy in the setting of native kidneys or kidney allografts.
Criteria for excluding articles from further review were insufficient clinical data to evaluate the relation between the exposure variable and oxalate nephropathy; lack of kidney biopsy results; unknown cause of oxalate nephropathy; short duration of exposure (<30 days) to hyperoxaluria-enabling conditions such as the acute ingestion of Averrhoa bilimbi, Averrhoa carambola, fruit juice, and high-dose vitamin C; exposure to ethylene glycol and derivatives; and primary hyperoxaluria.
The criteria listed in Table 1 were used to establish the level of evidence for a causal role of oxalate in the development of kidney disease. In brief, 2 of the authors (NL and MS) independently reviewed each report to establish the level of evidence for a causal role of oxalate in the development of the nephropathy. Disagreement between the 2 reviewers was resolved through adjudication by a third author (PS).
Data Extraction and Quality Assessment
The following variables were extracted in duplicate using a data extraction spreadsheet: study-level variables (country of origin, year of publication, study design [case report, case series, case-control, and retrospective or prospective cohort], population setting [native kidney or kidney allograft], and duration of follow-up); demographic and clinical variables (age, sex, and ethnicity); hyperoxaluria-enabling conditions; kidney-related variables (clinical presentation, baseline serum creatinine and estimated glomerular filtration rate [eGFR], serum creatinine and eGFR at initial presentation, peak serum creatinine, and serum creatinine and eGFR at the end of the follow-up period, preexisting chronic kidney disease (CKD), urinalysis and sediment findings, 24-hour urine oxalate excretion, and serum oxalate level); kidney biopsy findings; treatment-related variables (e.g., dietary modification, use of medications, and need for renal replacement therapy); and clinical outcomes (complete, partial vs. nonrecovery of kidney function, transplantation, and death).
Hyperoxaluria-enabling conditions were recorded and divided into the following mechanisms or categories: (i) increased dietary oxalate intake through excessive consumption; (ii) increased oxalate availability in the colon due to decreased intestinal calcium availability from fat malabsorption (e.g., Crohn's disease, celiac sprue, jejunoileal bypass, ileal resection, Roux-en-Y gastric bypass surgery, short bowel syndrome, chronic pancreatitis, pancreatic insufficiency, cystic fibrosis, and use of orlistat) and a low calcium diet; (iii) decreased intestinal oxalate degradation due to decreased intestinal colonization with oxalatedegrading bacteria (i.e., Oxalobacter formigenes); and (iv) increased colonic permeability to oxalate (e.g., injury to colonic mucosa in Clostridium difficile colitis, leading to nonselective increase in oxalate absorption).
Data Synthesis and Analysis
The results of the case reports and case series were tabulated and synthesized qualitatively. The results of the case series were synthesized quantitatively by performing random-effects model meta-analyses to compute pooled means and rates with corresponding 95% confidence intervals (CIs) to describe patient characteristics and clinical outcomes. The analyses were performed using the Comprehensive MetaAnalysis, software version 2.0 (www.meta-analysis. com; Biostat, Englewood, NJ).
RESULTS
Study Characteristics
A total of 14,160 potentially relevant citations were identified and screened; 430 titles and abstracts were screened using the inclusion and exclusion criteria; 147 were excluded on the basis of the title and abstract review; and 283 articles were retrieved for detailed evaluation, of which 67 fulfilled the eligibility criteria, which involved 108 patients ( Figure 1 ). 3-10,13-72 There were 57 (85%) individual case reports and 10 case series that detailed 51 cases (range: 2À12 patients per case series). The case reports originated from North America (46%), Europe (38%), Asia (9%), Australia and New Zealand (5%), and Africa (2%), whereas the case series originated from North America (80%) and Europe (20%). The level of evidence was definite or level 1 for 57 articles (86%) and probable or level 2 for 9 articles (14%). A detailed description of each case is summarized in Supplementary Table S1 . The 51 patients described in the 10 case series were analyzed quantitatively. Details of the case reports and case series that had short-term exposure to hyperoxulariaenabling conditions, and as result, were not included in the systematic review, are summarized in Supplementary Table S2 . Characteristics of Patients Presenting With Secondary Oxalate Nephropathy Table 2 displays the clinical characteristics, attributed causes, laboratory data, kidney biopsy findings, and outcomes of patients who presented with secondary oxalate nephropathy in the case series. In brief, mean age was 56.4 years old (95% CI: 48.6À64.3). Fifty-nine percent (95% CI: 42À75) were men, 81% (95% CI: 66À90) were white, and 15% (95% CI: 7À31) were kidney transplant recipients. Table 3 displays an overview of the attributed causes of hyperoxaluria-enabling conditions (divided into 4 etiologies) in both the individual case reports and the case series. In brief, fat malabsorption (75.0%) was the most commonly attributed cause of secondary oxalate nephropathy, followed by excessive dietary oxalate consumption (30.6%), and decreased intestinal oxalate degradation (0.9%). There was 1 case report of presumed increased colonic permeability to oxalate secondary due to Clostridium difficile colitis (0.9%).
Attributed Causes of Secondary Oxalate Nephropathy
In the case series that were meta-analyzed, fat malabsorption (88.3%; 95% CI: 75.1À95) was the most commonly attributed contributing cause of secondary oxalate nephropathy, followed by excessive dietary oxalate consumption (20.2%; 95% CI: 9.9À36.6). There were 6 cases with >1 attributed cause (11.8%).
Laboratory Investigations and Kidney Biopsy Findings
The mean baseline serum creatinine was 1.3 mg/dl (95% CI: 1.1À1.5), with a mean peak value of 4.6 mg/dl (95% CI: 3.0À6.2). At the end of the follow-up period, the mean serum creatinine was 2.7 mg/dl (95% CI: 2.2À3.1). Proteinuria was reported in 6 studies with a prevalence rate of 69% (95% CI: 34À91). Hematuria was reported in only 3 studies with a prevalence rate of 32% (95% CI: 14À58). Urinary crystals were reported in 26% (95% CI: 10À 53) of cases. The mean 24-hour urinary oxalate excretion was 85.4 mg/d (95% CI: 68.7À102.1).
On kidney biopsy, all patients had oxalate crystal deposition in the tubules and/or interstitium. Other kidney biopsy findings included acute tubular injury (71%; 95% CI: 44À89), tubular damage and atrophy (69%; 95% CI: 43À87), interstitial mononuclear cell infiltration (72%; 95% CI: 45.0À89.0), and glomerular changes (59%; 95% CI: 40À76). There were no cases of oxalate crystal deposition in the glomeruli.
Treatment Strategies
All patients received hydration and dietary interventions, including the adoption of a normal calcium, low-oxalate diet. In addition, the use of diuretics for fluid overload, 15, 46, 70 alkali therapy to alkalinize the urine, 10, 19, 46, 53 and pyridoxine to convert glyoxalate (the main precursor of oxalate) to glycine 15, 19, 44, 48, 65, 70 was variably reported and had inconsistent impact on recovery of kidney function (Supplemental Table S1 ).
Kidney and Patient Outcomes
The mean duration of follow-up was 12.9 months (95% CI: 5.9À19.9). Fifty-five percent (95% CI: 38À70) of patients required dialysis. No patient experienced complete kidney recovery, with 42% (95% CI: 27À58) experiencing partial kidney recovery, and 58% (95% CI: 42À73) remaining dialysis-dependent. The overall mortality rate was 33% (95% CI: 17À55).
Among the 48 patients with oxalate nephropathy that involved their native kidneys, 41% had partial kidney recovery, 49% remained dialysis-dependent, and 51% died. Among the 3 kidney transplant recipients with oxalate nephropathy, 2 patients remained dialysis-dependent, and 1 had partial kidney recovery. One patient eventually died.
DISCUSSION
The aim of our systematic review was to describe the clinical manifestations, natural history, and prognosis of secondary forms of oxalate nephropathy 
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qualitatively and quantitatively. We identified a total of 57 case reports and 10 case series, consisting of 108 patients with biopsy-proven oxalate nephropathy. Fifty-one patients described in 10 case series were quantitatively analyzed. The true prevalence of secondary oxalate nephropathy is unknown due to a lack of prospective studies in populations at risk for hyperoxaluriaenabling conditions. In our synthesis, the mean age of onset was 57.6 years old, which contrasts with a mean age of 9.5 years at symptom onset in primary hyperoxaluria. 96 Increased intestinal oxalate availability, followed by increased oxalate consumption, were the most commonly attributed causes of oxalate nephropathy. Enteric hyperoxaluria is usually a consequence of malabsorptive states, including inflammatory bowel disease, 4, 53 small bowel or gastric surgery, 5, 6, 9, 10 chronic pancreatitis, 7-9 systemic sclerosis with bowel involvement, 3 and use of orlistat. 64, 97 Excessive intraluminal free fatty acids bind to and saponify calcium within the intestine, thereby inhibiting the formation of calcium oxalate. As a result, soluble free oxalate is absorbed by the colonic mucosa. 98 In addition, free fatty acids and bile salts enhance the permeability of the colonic mucosa to oxalate. 99 Calcium oxalate can precipitate in proximal tubules and induce tubular injury and interstitial inflammation. High-oxalate diets, such as those high in fruit juice (i.e., juicing), leafy greens, or tea, also contribute to oxalate nephropathy. Oxalobacter formigenes is a gram-negative anaerobic bacterium frequently found in the normal intestinal flora that metabolizes dietary oxalate. 100 Reduced intestinal colonization with Oxalobacter formigenes is directly correlated with increased intestinal oxalate absorption, hyperoxaluria, and stone formation. 101, 102 In addition to causing exocrine pancreatic insufficiency and malabsorption, cystic fibrosis also contributes to oxaluria through a defect in the solute carrier family 26 member-6, which is an apical membrane anion-exchanger located in the small intestinal brush border membrane that mediates oxalate intestinal secretion, thereby preventing hyperoxaluria. 103 In our systematic review, the most common presentation of oxalate nephropathy was acute kidney injury (35%), followed by acute on CKD (29%). Twenty-six percent of patients presented with kidney disease and stones, and 10% with CKD. In contrast, 20%-50% of patients with primary hyperoxaluria present with recurrent nephrolithiasis, and CKD or kidney failure. 96, [104] [105] [106] In our review, proteinuria was the most common urinary finding (69%), followed by hematuria (32%). Urinary oxalate crystals were identified in only 26% of cases. The serum oxalate level was reported in only 3 cases and was elevated, ranging from 40 to 61 mmol/l (normal value: 9 mmol/l). The 24-hour urine mean oxalate excretion was 85 mg/d (normal value: <45 mg/ d). 106 In a study of 48 patients with chronic pancreatitis, the prevalence of hyperoxaluria was 23%. 107 Monitoring the 24-hour urinary oxalate excretion rate might be a useful tool for prevention of oxalate nephropathy in high-risk patients.
In our study, oxalate crystal deposition was universally found in tubules and/or the interstitium. Kidney biopsy findings of acute tubular injury and interstitial infiltration were reported in 71% and 72% of patients, respectively, which suggested a cause role for the oxalate crystals. Approximately 69% of patients had evidence of chronicity, which might reflect under recognition and delayed diagnosis of oxalate nephropathy. Interestingly, glomerular changes were found in 59% of the biopsy specimens, which were mostly mesangial cellular proliferation; this might explain the high prevalence of proteinuria. There were no cases of crystal deposition in the glomeruli. We can only speculate as to whether preexisting CKD predisposes patients to oxalate nephropathy in the setting of hyperoxaluric-enabling conditions. The prognosis of secondary forms of oxalate nephropathy is somewhat guarded, with 55% of patients described in this report requiring renal replacement therapy. None of the patients had complete recovery, and 58% progressed to end-stage kidney disease. During a mean follow-up of 13 months, 33% of patients died. According to the European Primary Hyperoxaluria Registry, the 5-year survival rate of patients with primary hyperoxaluria is 76%, possibly due to a younger age at onset. 104 Hydration, 3, 8, 13, 19, 28, 46, 47, 60, 62, 63, 68 alkali therapy, 19, 46 and pyridoxine 19, 44, 48, 70 for treatment of oxalate nephropathy has yielded unsatisfactory results. Treatment of oxalate nephropathy in patients with native kidneys and kidney allografts likely depends on the underlying etiology, but low-oxalate and low-fat diets are generally recommended. Renal transplantation was proposed in a few patients with ESRD due to enteric hyperoxaluria, but recurrent oxalate deposition after transplantation could occur. 24 116 and kidney and intestinal transplantation 117 have all been explored to reduce enteric hyperoxaluria, although none have been studied to reverse oxalate nephropathy.
To our knowledge, this is the first and largest systematic review that examines the clinical presentation, natural history, and prognosis of patients with secondary forms of oxalate nephropathy. The main strength is the strong causal association due to the selective inclusion of patients with biopsy-proven oxalate deposition (level 1 or level 2 evidence). However, there are several important limitations that should be noted. First, the data synthesis was derived from case reports and case series, and the lack of cohort studies limited the interpretation of the results. There was a potential for misclassification of the attributed causes of oxalate nephropathy, because some of the pathophysiological mechanisms were purely speculative and could be disputed. Accordingly, this systematic review is likely biased and focused on severe forms of oxalate nephropathy that warranted a kidney biopsy. Second, we excluded hyperoxaluria-enabling conditions associated with short duration of exposure and short-term follow-up, such as the ingestion of Averrhoa bilimbi fruit juice, high-dose vitamin C, or ethylene glycol; these ingestions were deemed not suitable for incorporating into the systematic review as they are associated with a different natural history of disease and prognosis. Third, the laboratory data were inconsistently reported or were lacking in most of the case reports, which might be due to physicians' unfamiliarity with this condition at the time of the clinical presentation. Nevertheless, our systematic review has implications for raising public health awareness and making physicians more alert about this potential diagnosis, and paves the way for future studies for the prompt diagnosis and treatment of oxalate nephropathy.
In conclusion, secondary oxalate nephropathy is a rare but potentially devastating condition. Renal replacement therapy is required in >50% of patients, and most patients remain dialysis-dependent. Physicians should be more alert about this condition, especially in the setting of hyperoxaluria-enabling conditions, and increase monitoring. Well-designed prospective cohort studies or registries should be conducted. Finally, these findings call for the design and implementation of clinical trials of new drugs to prevent or treat oxalate nephropathy in high-risk patient populations.
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